Partially purified Met-tRNAf binding factor, eIF-2, was phosphorylated by using heme-regulated inhibitor (HRI). Phosphorylated eIF-2 was freed from HRI by phosphocellulose column chromatography. Analysis by isoelectric focusing showed 100% phosphorylation of the 38,000-dalton subunit of eIF-2. Both eIF-2 and eIF-2(P) formed ternary complexes with Met-tRNAf and GTP with almost the same efficiency, and in both cases the ternary complex formation was drastically inhibited by prior addition of Mg2+. However, whereas the ternary complexes formed with eIF-2 could be stimulated by Co-eIF-2C at 1 mM Mg2+ and dissociated by Co-eIF-2B at 5 mM Mg2+, the ternary complexes formed with eIF-2(P) were unresponsive to both Co-eIF-2B and Co-eIF-2C. Also under conditions of eIF-2 phosphorylation, HRI drastically inhibited AUG-dependent Met-tRNAf binding to 40S ribosomes.
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However, HRI (in the presence of ATP) had no effect on the joining of preformed Met-tRNAfr40S-AUG complex to the 60S ribosomal subunit to form Met-tRNAfr80S*AUG complex. These studies suggest that HRI inhibits protein synthesis initiation by phosphorylation of the 38,000-dalton subunit of eIF-2. HRIphosphorylated eIF-2 does not interact with at least two other protein factors, Co-eIF-2B and Co-eIF-2C, and is thus inactive in protein synthesis initiation. During heme deficiency, protein synthesis in reticulocyte lysates is inhibited due to activation of a latent protein synthesis inhibitor, heme-regulated inhibitor (HRI) (7) (8) (9) . HRI is a protein kinase that specifically phosphorylates the 38,000-dalton subunit of Met-tRNAf binding factor, eIF-2 (10) (11) (12) (13) (14) . HRI also inhibits the following partial initiation reactions and in each case, the inhibition requires ATP: (i) Co-eIF-2B-promoted dissociation of Met-tRNAf-eIF-2-GTP complex at high Mg2+ and low temperature (0°C) (TDF activity) (3, 15, 16) ; (fi) CoeIF-2C stimulation of ternary complex formation at 1 mM Mg2+ (5, (16) (17) (18) ; and (iii) Met-tRNAf binding to 40S ribosomes (15, 16, 19) . Based on these results, it has been proposed that HRI phosphorylation causes conformational modification of eIF-2 and that phosphorylated eIF-2 [eIF-2(P)] does not interact with two factors, Co-eIF-2B and Co-eIF-2C, and is inactive in peptide chain intiation. However, these studies do not conclusively establish the precise role of eIF-2(P) in the inhibition process and the possibility that the phosphorylation of other components such as HRI, Co-eIF-2B, and Co-eIF-2C also is involved in this inhibition has not been ruled out. Moreover, Trachsel and Staehelin (20) used prephosphorylated eIF-2 (HRI catalyzed) and observed that both eIF-2(P) and eIF-2 were equally active in all the partial initiation reactions studied including Met-tRNAf binding to 40S ribosomes. Also, the possibility that HRI can inhibit more than one step in peptide chain initiation has been indicated (21) .
To clearly establish the mechanism of HRI inhibition of peptide chain initiation and the precise role of HRI-phosphorylated eIF-2 in this inhibition process, we prepared eIF-2(P) by using purified HRI and studied its interaction with Co-eIF-2B and Co-eIF-2C. (5) . HRI, heme-regulated translational inhibitor. * This paper is no. 24 of a series. The previous paper in this series is ref. 6 .
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 Purification of Co-eIF-2A (4) and Co-eIF-2B (3) was as described. In some experiments, a partially purified initiation factor preparation, fraction 11 (23) , was used.
Preparation of HRI and ribosomal subunits was as before (15, 23 (24) and the fractions were then mixed with bovine serum albumin (1 mg/ml) and stored in ice. The amounts of eIF-2 added in the experiment were calculated based on the original protein concentration of the solution before mixing with bovine serum albumin.
In the control experiment, the same amount of eIF-2 was treated identically except that HRI was omitted from the incubation mixture. eIF-2 activity was similarly purified by passage through an identical phosphocellulose column. This eIF-2 preparation was used as control nonphosphorylated in all the experiments.
Millipore Filtration Assays for Peptide Chain Initiation
Factors. eIF-2 was assayed by using a Millipore filtration assay method for ternary complex[35SJMet-tRNAf eIF-2.GTP formation as described (22, 25 (27) as modified by Farrell et aL. (28) . The gels were stained by using the procedure described (29) for sodium dodecyl sulfate gels.
RESULTS
Partially purified eIF-2 was phosphorylated by using HRI and ATP, and the eIF-2(P) thus formed was further purified by phosphocellulose chromatography. Under the experimental conditions, HRI did not adsorb onto the column and was eluted with the wash buffer. eIF-2(P) was eluted by washing the column with high-salt solution.
The extent of phosphorylation of eIF-2 was analyzed by isoelectric focusing. Almost complete phosphorylation of the 38,000-dalton subunit of eIF-2 was observed (Fig. 1) . The control experiment, without HRI, showed no phosphorylation of the 38,000-dalton subunit of eIF-2.
We compared the activities of eIF-2 and eIF-2(P) in different partial initiation reactions. Both eIF-2 and eIF-2(P) formed ternary complexes with almost equal efficiency, and in both cases the complex formation was dependent on the presence of GTP (Fig. 2) . Also, both eIF-2 and eIF-2(P) responded similarly to addition of Co-eIF-2A and MMg2 (Table 1) Amounts of eIF-2, eIF-2(P), and Co-eIF-2C were 0.8, 1.0, and 4 ,ug, respectively. Where indicated, 1 mM Mg2+ was present in the reaction mixture.
3. As expected, Co-eIF-2C stimulated ternary complex formation by eIF-2 and this stimulation was abolished by HRI in the presence of ATP. Under similar experimental conditions, formation of ternary complex with eIF-2(P) was neither stimulated by Co-eIF-2C nor inhibited by HRI.
The above experiments were done with eIF-2 and prephosphorylated eIF-2 and no further additions of HRI and ATP were made during incubation. The results thus clearly establish that eIF-2(P) did not interact with Co-eIF-2B or Co-eIF-2C and no further phosphorylation of any other component or continued presence of HRI was necessary for such loss of interaction.
We have previously reported that at least two factor preparations, eIF-2 and Co-eIF-2B, are necessary for AUG-dependent Met-tRNAf binding to 40S ribosomes. The lack of interaction between eIF-2(P) and Co-eIF-2B could possibly explain HRI inhibition of Met-tRNAf binding to 40S ribosomes, in agreement with our previous hypothesis regarding the mechanism of HRI inhibition. We also investigated the possibility that HRI may inhibit more than one step in peptide chain initiation reactions (21) . We studied the effects of addition of HRI and ATP on the initial formation of Met-tRNAf.40S-AUG complex and also on the subsequent joining step using preformed Met-tRNAf.40S.AUG with the 608 ribosomal subunit. As expected, HRI strongly inhibited Met-tRNAf.405 AUG complex formation in the presence of ATP (Table 2) . However, HRI and ATP had no significant effect on the subsequent joining of preformed MettRNAf.408-AUG with 60S ribosomes to form the 80S initiation complex. DISCUSSION The results presented in this paper define the precise locus of HRI inhibition. HRI phosphorylates the 38,000-dalton subunit of eIF-2. In this work, we provide evidence that eIF-2(P) does not interact with two other factors, Co-eIF-2B and Co-eIF-2C, and the further presence of HRI or additional phosphorylation of HRI or any other component(s) is not necessary for this loss of interaction. Also, our results using partial initiation reactions and artificial mRNA (AUG codon) strongly suggest that HRI inhibition is limited to phosphorylation and subsequent inactivation of eIF-2 and that HRI has no further inhibitory effect on any other step in peptide chain initiation. Addition of HRI and ATP did not have any effect on the subsequent joining of preformed MettRNAf-40S'AUG with 60S ribosomes to form the Met-tRNAf-80S-AUG complex.
